Transposition of bacteriophage Mu uses two DNA cleavage sites and six transposase recognition sites, with each recognition site divided into two half sites. The recognition sites can activate transposition of non-Mu DNA sequences, if a complete set of Mu sequences is not available. We have analyzed 18 sequences from a non-Mu DNA molecule, selected in a functional assay for the ability to be transposed by MuA transposase. These sequences are remarkably diverse. Nonetheless, when viewed as a group they resemble a Mu DNA end, with a cleavage site and a single recognition site. Analysis of these "pseudo-Mu ends" indicates that most positions in the cleavage and recognition sites contribute sequence-specific information that helps drive transposition, though only the strongest contributors are apparent from mutagenesis data. The sequence analysis also suggests variability in the alignment of recognition halfsites. Transposition assays of specifically designed DNA substrates support the conclusion that the transposition machinery is flexible enough to permit variability in half-site spacing, and also perhaps variability in the placement of the recognition site with respect to the cleavage site. This variability causes only local perturbations in the protein-DNA complex, as indicated by experiments in which altered and unaltered DNA substrates are paired.
Summary
Transposition of bacteriophage Mu uses two DNA cleavage sites and six transposase recognition sites, with each recognition site divided into two half sites. The recognition sites can activate transposition of non-Mu DNA sequences, if a complete set of Mu sequences is not available. We have analyzed 18
sequences from a non-Mu DNA molecule, selected in a functional assay for the ability to be transposed by MuA transposase. These sequences are remarkably diverse. Nonetheless, when viewed as a group they resemble a Mu DNA end, with a cleavage site and a single recognition site. Analysis of these "pseudo-Mu ends" indicates that most positions in the cleavage and recognition sites contribute sequence-specific information that helps drive transposition, though only the strongest contributors are apparent from mutagenesis data. The sequence analysis also suggests variability in the alignment of recognition halfsites. Transposition assays of specifically designed DNA substrates support the conclusion that the transposition machinery is flexible enough to permit variability in half-site spacing, and also perhaps variability in the placement of the recognition site with respect to the cleavage site. This variability causes only local perturbations in the protein-DNA complex, as indicated by experiments in which altered and unaltered DNA substrates are paired.
Introduction
inner half by Iβ. This bipartite DNA binding has at least two consequences. It permits the recognition sequences to be unusually long, and therefore rare, and it allows for nanomolar binding affinities to the combined site (15) . It is also possible that the bipartite structure achieves some additional, as yet undiscovered function.
The cleaved phosphodiester bond at the end of the transposon is separated from the outermost recognition site (R1 or L1) by five-base-pairs, the last two base-pairs being 5'CA (often described by the 5'TG complement). Thus, Mu has separate cleavage sites and recognition sites. Whereas the recognition sites are bound by domains Iβ and Iγ of MuA, the cleavage sites are contacted by the protein's active site which is in domain IIA (16).
Within the synaptic complex, individual MuA subunits bind a cleavage site and a recognition site on opposite DNA ends. Specifically, the MuA subunit bound to the R1 site engages the left-end cleavage site, and the subunit bound at L1 engages the right-end cleavage site (Fig. 1b) (17) (18) (19) (20) . This intertwined structure suggests that the various MuA domains and subunits function interdependently in a transpososome (20) .
There are many unanswered questions about interactions between the protein and DNA components of the transpososome. For example, there is no direct structural information about the geometry of the protein-DNA interactions. On another level, although considerable mutagenesis has been performed on the MuA recognition sites (21-23), the sites are long and our understanding of sequence requirements is incomplete.
Experimental Procedures
Proteins and DNA. MuA and MuB were prepared as described (25, 26) . φX174 RF1 was purchased from New England Biolabs. Oligonucleotides (fragment donors or PCR primers) were purchased either from MIT/HHMI biopolymers lab or from GeneLink, and fragment donors were purified by denaturing PAGE. Donor fragment sequences were as follows: (24) . If MuB was not included in this step, we saw no transposition into the short target (data not shown). ATP-γ-S was then added to 2 mM, and the reaction was incubated for another 20 minutes at 30 o C. If ATP−γ−S was not added, transposition into the short target was reduced (data not shown). We then added φX174 RF1 to 10 ng/µl, unjoinable fragment to 5 nM, and MuA to 50 nM, and continued incubating for two hours. Reactions were stopped with SDS/EDTA, phenol/chloroform extracted, and ethanol precipitated.
For the two sequences obtained without cloning, ~2.5 µg of DNA were used in a 50 µl thermal cycling reaction, using a "touchdown" protocol. For the sequences obtained by cloning, the transposition products were purified away from unused fragments (both the unjoinable Mu fragment and the target fragment) on a Superose 6 HR column before being subjected to the "touchdown" PCR. This time, annealing temperature was decreased by 0.5 o C every cycle for the first 20 cycles, followed by 12 cycles at annealing temperature of 51 o C. Products were purified with a Qiagen PCR Purification kit. The products were then simultaneously digested with
EcoRI and an appropriate second enzyme, cloned into a pUC19 vector, and transformed into DH5α cells.
Clones were sequenced at the MIT/HHMI biopolymers sequencing facility.
The target primer contained an EcoRI site: tagaattccagtgctggaaagataccggc. obtained from faulty priming of the φX174 primer to an incorrect sequence on φX174 that happened to be similar to the primer sequence and happened to be near the transposition joint.
Transposition reactions. Unless otherwise indicated, transposition reactions were done essentially as described (24) , except that protein and DNA concentrations were as follows: 200 nM donor fragment, 500 ng φX174, 200 ng MuB. MuA concentrations were as indicated in Figure legends . These conditions were optimized for transposition of fragments carrying pseudo-MuA-recognition sites.
DNA Sites in a Mu Tanspososome transposition of the non-Mu DNA. For this purpose we used a DNA fragment that contained two MuA recognition sites (R2 and R1) but lacked the pA3' from the cleavage site, and therefore could not participate in the covalent chemistry of transposition. We show in the accompanying paper that this fragment, called an "unjoinable fragment", efficiently activates non-Mu transposition (24) .
The 80-mer target fragment was incubated with MuB, a Mu protein which controls selection of transposition targets (27) . Subsequently, MuA transposase, the unjoinable Mu DNA fragment, and φX174 RFI DNA were added. DNA products in which the φX174 DNA became covalently joined to the target fragment were then amplified with a primer to the target and one of several primers designed to arbitrary locations on φX174 (Fig. 1c) . This method yielded two PCR products that were sufficiently abundant to be directly sequenced. Sixteen additional sites were identified after cloning and sequencing.
The sequences obtained are listed in Fig. 2 , beginning with the 5' complement of the nucleotide that was joined to target DNA. In sixteen cases, that complement was a "T", and in the remaining two cases it was an "A". Furthermore, in 8 cases (out of the 18) the following nucleotide was a "G". Thus, For the two sequences analyzed directly (without cloning), we could clearly read on the sequencing gel roughly 100 bp of φX174 sequence. Then the φX174 sequence ended abruptly, and we could read multiple sequences from the 80-mer target overlapping with each other on the sequencing gel. This sequence pattern suggests a family of transposition products, corresponding to a single site on φX174
recombining with multiple sites on the small target DNA. (iv) To control for faulty priming of the target primer on φX174 DNA, we rejected clones that did not include target sequence beyond the target primer.
(v) We also cloned and sequenced DNA that had been treated as in our experiment, except that MuA and B were omitted from the transposition reactions. We were reassured that these controls did not yield sequences that we would have considered to be transposition products. (vi) Finally, as described below, further sequence analysis affirms that these 18 sequences, as a group, resemble a Mu DNA end. We developed a scoring system to address the resemblance of any sequence to the consensus sequence derived from native MuA recognition sites (right side of Fig. 2 ). Sites were scored 1 point for a match to the consensus at a position where a nucleotide is specified, and half a point if only purine or pyrimidine is specified. For analysis of a single 22 base-pair recognition site, without the cleavage site, the highest possible score is 17.5.
For the 18 pseudo-ends, the mean score was 6.50 points for the putative outer-site (i.e. nucleotide positions 6-27, equivalent to R1 or L1) ( Table 1 , row 1). This is indeed low, compared to, for example, the 13.5 points found for the natural R1 site. However, the mean score for all 10,772 possible sites on the two strands of φX174 is 5.41, and the standard deviation for randomly chosen groups of 18 such sites is 0.42. Thus, the pseudo-ends, as a group, are 2.6 standard deviations better than a typical group of 18 (Table 1 , last column; [6.5-5.41]/0.41 = 2.6). A random group of 18 sequences will score this well 0.5% of the time.
We next conducted the same analysis for the putative inner site (i.e. nucleotide positions 28-49, equivalent to R2 or L2). The results of this calculation gave a mean score of 4.61 (Table 1 , row 10). For the group of 18, this is 1.9 standard deviations lower than the expected score of 5.41 for a randomly chosen group. The lower-than-mean score is puzzling, but perhaps not significant-a random group should score this poorly 3% of the time.
Analysis of pseudo-ends suggests alternative alignments.
The poor scores for the 18 pseudo-ends could be due to variability in the correct sequence alignment. For example, there might be flexibility in the placement of the recognition sites relative to the cleavage site. In addition, recall that the recognition sites consist of two half-sites, bound respectively by the Iγ and Iβ subdomains of MuA (Fig. 1b) . Spacing between recognition half-sites could also vary. It would be interesting if the pseudo-end sequences showed variability in their alignments, because this variability might point to areas of flexibility within the Mu transpososome.
With this in mind, we reanalyzed the pseudo-end sequences, allowing variability in the spacing between pairs of sites. The computer program (a perlscript) used for this analysis can be made available on request. The point system used by the program to score sites was the same as described above.
Allowing variability between the two halves of the outer recognition site greatly improved the point score of the pseudo-end group. With flexibility of ±1 nucleotide between half sites, the group of 18 pseudo ends scored more than 4 standard deviations better than random groups of 18 (Table 1, % of random groups of 18 sites would score this well. Note that if MuA could not permit variability in the spacing of the two half-sites, an analysis that did permit variability would worsen the sites' mean score compared to a random group. If we accept the hypothesis that these 18 sequences were not randomly selected, then the fact that allowing flexibility improved the group's score from 2.6 standard deviations (just significant) to 4.2 (highly significant) strongly suggests that MuA bound some of these sites in an unorthodox register.
In contrast, allowing variability in the spacing between cleavage site and outer recognition site did not improve the relative mean score for the pseudo-end population (Table 1 , rows 2&3). On the other hand, this variability did not significantly decrease the score either. We will return to this point below.
Analyzing the φX174 sequences adjacent or nearly adjacent to those shown in Fig. 2 failed to reveal a set of inner recognition sites (equivalent to R2) ( Table 1 , rows 10-13, and data not shown). Note that we would not have detected a set of inner sites located at arbitrary distances from the outer sites.
Most likely, in our experiments the transpososomes did contain four DNA-bound MuA subunits -two bound to φX174 and two bound to a Mu fragment -but the second φX174-bound subunit relied on cues from the other three subunits to position it in the transpososome.
Transposition of diverse sequences
It is worth noting that some individual pseudo-ends continued to score poorly, even allowing variable alignments (data not shown). For example, with variability of ±1 nucleotide between half-sites, sequences 2 and 3 continued to score only 3.5 and 4 points, respectively. Several others scored 5 or 6
points. Also note that not a single nucleotide was absolutely required among the 18 pseudo-ends; even at position one, two pseudo-ends contained an A rather than a T. We suggest that almost any sequence can transpose at some frequency, but that similarity to a Mu end determines the transposition frequency.
To test this assertion, we constructed precleaved donor fragments designed to not resemble Mu sequences except at the cleavage site. A radiolabel on the fragments showed that they did transpose, though at just barely detectable levels after an hour incubation. By comparison, a fragment with recognition sites taken from sequence 17 in Fig. 2 produced a similar amount of transposition product in only 7 minutes. A wild-type fragment, however, produced ten times as much product in two minutes or less. (Data not shown. Fragment sequences listed in experimental procedures. The "sequence 17" fragment is used again for Fig. 4 below, and also in the accompanying paper (24) .)
Phasing flexibility is permitted between half-sites. manipulated the sequence of a pseudo-recognition site whose half-sites seemed to be one base-pair out-ofphase with each other. This second experiment provided more conclusive evidence in favor of flexibility.
In both sets of experiments, each donor fragment was assayed at multiple MuA concentrations.
This was done because high MuA concentrations were necessary to see activity for the less-active fragments, but the high MuA made quantitation difficult for the more-active fragments. Also in both sets of experiments, transposition assays were done as single time-points rather than time courses. As a result, we cannot say whether variability in transposition efficiencies reflected varying rate constants or varying end-points.
Fragment HSI ("half-site insertion"; Fig. 3a&b ) contained an added "A/T" at roughly the boundary between the halves of each of R1 and R2. This fragment transposed at approximately 70% the efficiency of wild-type DNA (Fig. 3c , lanes 4-6). Fragment HSD (half-site deletion) had an A/T removed at each half-site boundary (Fig. 3a&b) , and it transposed at ~50% the efficiency of a wild-type fragment (Fig. 3c) . These results showed that fragments with altered half-site spacing can transpose, albeit with slightly reduced efficiencies. However, these results do not indicate whether MuA recognized fragments HSI and HSD with a rigid or a flexible alignment. Did the protein bind the optimal sequence, perhaps stretching or pinching to accommodate the altered spacing? Or did the protein recognize the rigid alignment, sacrificing sequence-specific contacts at the inner half of R1 and all of R2? As shown in detail in Fig. 3a , because the recognition sites contain stretches of repeating "A" a single base-pair insertion or deletion does not entirely remove specific contacts from the inner half-site.
We designed another fragment (fragment HSN --"half-site null"), in which the inner half of the R1 site was exchanged for an "anti-consensus sequence", designed to contain the nucleotides most underrepresented at each position in the consensus (15) (Fig. 3a&b ). This fragment transposed at only ~20% the efficiency of the wild type DNA -considerably worse than either fragment with altered spacing (Fig. 3c) . The difference in efficiency between HSN and either HSI or HSD suggests that MuA did bind flexibly to fragments HSI and HSD. But we hasten to add that this experiment is not fully conclusive, since we cannot evaluate the stringency of the substitutions in fragment HSN.
Note that this experiment did conclusively show that, for the strand transfer reaction, the natural spacing is the best of the three spacings tested here, and is probably the best possible spacing altogether.
This is true whether MuA bound fragments HSI and HSD with a rigid or a flexible alignment. If the latter, the reduced transposition efficiencies of 70% for fragment HSI and 50% for HSD would be due to an energetic cost for components of the transpososome to assume a less-than ideal geometry.
We next used a pseudo recognition site to test the possibility of flexible half-site spacing.
Sequence 17 in Fig. 2 scored relatively well as a MuA recognition site; 8.5 out of 17.5 possible points.
However, a deletion of one nucleotide near the half-site boundary would dramatically improve the sequence match, producing a new score of 13, compared to 13.5 points for the native R1 site (Fig. 4a) .
Does MuA bind this particular pseudo-recognition site with its domain Iβ one nucleotide out of register, in order to maximize sequence-specific contacts? We could test this hypothesis with base-pair mutations at positions that contribute favorably to the flexible alignment but not to the rigid alignment. We constructed fragment 17a, containing tandem copies of the recognition sequence from pseudo-end 17.
Fragments 17b, 17c and 17d were variants of 17a, designed to remove some of the advantage of flexible binding (Fig. 4b) . Note that the cleavage site sequence on these fragments was taken from the natural Mu right end, rather than from sequence 17.
The changes made to generate fragment 17b were particularly conservative. Table 2 and Fig. 6 , below).
In five independent experiments, fragment 17a transposed at least twice as efficiently as any of the other three (Fig. 4c) . These results show that the mutations in fragments 17b, c and d were at positions that, in the original sequence, had communicated sequence-specific information to the transpososome.
Given that these positions already did not match the consensus sequence in a rigid alignment, the simplest explanation is that these nucleotides function in the original sequence via contacts involving flexible binding.
Although fragment 17a transposed more efficiently than its variants, it was substantially less efficient than a wild-type fragment substrate (data not shown.) This could be due in part to a penalty for changing the relative spacing of the two half-sites, as discussed above. In addition, although fragment 17a is a good match to the consensus sequence when aligned flexibly, it is still not a perfect match.
Spacing between recognition site and cleavage site is at least as stringent as between recognition half sites.
The statistical analysis in Table 1 were performed in calcium rather than magnesium. Calcium supports strand transfer but not cleavage (11) .
Fragments CSI and CSD transposed at approximately 45% and 10% the efficiency of wild-type, respectively (Fig. 5a&b) . Thus, our results indicate a tolerance for an improperly spaced cleavage site, though we cannot comment on the structural basis of that tolerance. Furthermore, alterations in cleavage site spacing were at least as deleterious as alterations in half-site spacing (Fig. 5a&b) .
Changes in cleavage site spacing alter the distribution of transposition products. Fig. 5a reveals that fragments CSI and CSD produced an increase in single fragment transfer (SFT) products as compared to double fragment transfers (DFT). This change in product ratio is distinct from the decrease in total amount of product discussed above. We expect that both SFTs and Are the affects of altered spacing transmitted across the transpososome, such that if one fragment in a complex is imperfect its synapsis partner also suffers? This question interests us because it probes the degree of rigidity in the transpososome structure, by asking whether the transpososome accommodates these DNA imperfections through local versus global changes. To address the question, we performed transposition reactions containing pairwise mixtures of the cleavage-site-insertion, the half-site-insertion, and the wild-type fragments (Fig. 5c) . In each case, one type of fragment was radiolabeled, and the other was unlabeled and present at ten-fold higher concentration. We found that the transposition frequencies of the labeled fragments were independent of the identity of the fragment in excess (Fig. 5c , white bars).
Inspection of
Thus, under these conditions, the synaptic partners do not influence each other's transposition efficiencies.
Unlike the total transposition efficiency, the percentage of the total product that comprised SFTs depended only on the identity of the unlabeled, excess fragment (Fig. 5c, dark bars) . For example, whenever CSI was the unlabeled partner, we saw the highest percentage SFT (~70%). Note that only radiolabeled products are visible in these experiments. Therefore, the dependence of SFTs on the unlabeled fragment indicates that labeled and unlabeled fragments paired-up indiscriminately. Taken together, these data suggest that the alterations in sequence described here are accommodated through localized, rather than global, perturbations in transpososome structure. This experiment also shows that the structure of an active transpososome can accommodate some asymmetry between its two halves.
Discussion
Functional pseudo-Mu DNA ends reveal sequence requirements for transposition.
The Mu transpososome engages multiple DNA sites, including several 22 bp recognition sites and two separate cleavage sites (7) . Defining the relevance of each nucleotide position in this array of sites is a tremendous task. Several labs have conducted mutagenesis and chemical protection assays of the Mu DNA ends, and these have gone a long way towards elucidating the sequence requirements for transposition (21-23,28,29). The present study asked the protein to select its favorite among disfavored sites, and thus could detect subtle sequence preferences that designed mutagenesis would have been unlikely to find.
We sequenced 18 sites on a non-Mu DNA molecule (φX174) that had served as pseudo-Mu end sequences. To distill the information contained in those 18 sequences into an easily comprehended picture, we used a Pictogram analysis developed by Chris Burge (30) . (Table 2 ). One study (22) found no effect on transposition from individual mutations at any of 11 positions. Yet in our study, MuA favored matches to its consensus at seven positions that did not appear important in the mutagenesis, as well as at four positions that were not tested by mutagenesis. To illustrate the point further, the top letters of the Pictogram are those that occur most frequently in the 18 pseudo-ends; these top letters correspond well to the consensus sequence derived from the natural sites (written above the Pictogram). This agreement suggests that most base-pairs in the recognition sequence contribute favorable energy for transposition, though in some cases the contribution may be too subtle to detect by point mutations.
The Pictogram represents only the sequences immediately adjacent to the cleavage sites; we found no further sequence similarity in the DNA adjacent to that. Nonetheless, we assume that the observed transposition activity is due to MuA tetramers (5, 6) . The absence of an identifiable second pseudo-recognition site suggests that the position and/or sequence requirements for an inner recognition site (R2/L2) are less rigid than for an outer site (R1/L1). Cleavage site sequences are highly selected.
The pseudo-ends are highly selected for their cleavage sites (Fig. 6 ). Among transposons in general, cleavage sites tend to have an identical sequence on the two transposon ends (31) . It is tempting to speculate that the cleavage site sequence is so constrained because it is intimately engaged in the protein's active site and perhaps directly involved in catalysis. However, the same would be true of the cleavage sites of modular restriction enzymes, for example the type II enzymes FokI and SfiI. Yet these enzymes have tightly constrained recognition sites rather than cleavage sites (32,33), arguing that there is no intrinsic mechanistic reason why the cleavage site should bear the tightest constraints. The cleavage site of a transposon defines which base-pairs will transpose and which will stay behind. Transposases may have evolved the ability to strongly discriminate their correct cleavage sites, so as to protect the integrity of the transposon ends from one transposition event to the next.
The particular sequence TG/CA marks the cleavage sites of many distantly related transposable elements, including retroviruses (34) and bacterial insertion sequences (31). It is not clear why this is so.
The most favored cleavage site of the SfiI restriction enzyme is CA, but SfiI cleaves between the C and the A whereas transposases cleave after the A (33). Analysis of naked DNA by computational modeling and other methods reveals unique structural flexibility for the dinucleotide TG/CA (35) . It is uncertain whether this intrinsic DNA structure is relevant to enzymatic cleavage reactions. Altered DNA spacing is accommodated locally in the transpososome and affects a late step of transposition. Mixing heterologous dsDNA fragments revealed that the spacing of sites on one fragment does not effect its synaptic partner (Fig. 5c ). This suggests that the transpososome accommodates altered spacing through localized changes, rather than through global changes in protein structure that may be transmitted between subunits.
Two lines of evidence suggest that, with the precleaved fragments used in this study, positionalshifts affect a step that occurs after initial transpososome assembly. The results are most striking for the fragments altered in cleavage-site spacing, and they contrast with a similar study of the restriction enzyme SfiI, for which altering the spacer between its two recognition sites does harm complex assembly (37).
First, base-pair insertions or deletions in MuA fragments cause an increase in the relative number of single fragment transfers (SFTs) compared to double fragment transfers (DFTs) (Fig. 5a&c) , and an assembly defect should not specifically increase complexes that perform SFT. Second, in the fragmentmixing experiments (Fig. 5c ), altered and wild-type fragments seem to pair-up indiscriminately in synaptic complexes, as judged by the extent of SFTs in these reactions. This result implies that the altered fragments are defective at a post-synaptic step. Perhaps the altered fragments tend to fail in engaging the cleavage site in the protein's active site (38) . Consistent with this idea, MuA can form competitor-stable complexes on DNA fragments that lack a cleavage site, indicating that the initial commitment to a pair of DNA molecules does not require engagement of the cleavage site ( (24); and Personal communication, K.
Yangihara and K. Mizuuchi.).
Flexibility between half-sites, at a cost. Analyses of 18 pseudo-Mu DNA ends suggest phasing flexibility of ±1 base-pair between recognition half-sites (Table 1) . Transposition assays of various DNA fragments supported this assertion (Figs. 3&4) , but also implied that the natural spacing is optimal. Others have found that adding or removing an A/T base-pair from an A/T stretch in the middle of R1 dramatically reduces in vivo transposition, consistent with the natural spacing being optimal (21).
Other protein families contain bipartite DNA binding domains, similar to domain Iβ-γ of MuA:
for example, the POU, cut, myb and paired families of transcription factors (39-42). Pax6, a member of the paired family, has a rigid 15 residue tether connecting the two domains that comprise its bipartite DNA-binding domain. The tether interacts with DNA, directly contributing to binding specificity (42).
By contrast, the structures of POU proteins Oct-1 and Pit-1 both suggest flexible tethers (43,44).
Consistent with the structural data, a number of POU proteins can bind and regulate DNA sites with by guest on November 19, 2017
http://www.jbc.org/ Downloaded from variable arrangements of half-sites (39, 43, 45, 46 ). Yet even flexible POU proteins usually have an optimal spacing, analogous to the situation described here for MuA. Optimal spacing can be determined in part by the length of the amino acid tether, but also by cooperative interactions between the protein's two DNA binding domains (47).
NMR structures have been solved for the isolated MuA domains Iβ (15) and Iγ (14) . In the domain Iγ structure, the inter-domain tether is unstructured. The tether is only 13 amino-acids, whereas the tethers in POU proteins range from 15 to 56 amino-acids. The two MuA domains have been modeled docked on DNA (15) , and the authors of this model suggest that upon binding DNA the tether becomes structured and interacts directly with the DNA. This suggestion was made to explain the pattern of nucleotides that are protected from chemical digestion when MuA is bound to its full recognition site (28) . The flexibility in half-site spacing described in this study is perhaps most consistent with an unstructured tether. However, it is possible that the DNA-bound tether is structured, but that the transpososome overall retains enough flexibility to accommodate one nucleotide more or less -perhaps through changes in DNA structure rather than protein structure.
Biological role for flexible binding. Many transcription factors exploit their bipartite DNA binding properties for biological regulation (39,46,48). There is no evidence that bipartite binding plays as significant a role in Mu transposition, but flexible binding might play a role in interactions between
MuA and the L2 site. L2 is considered to be a half-site, because it only contains the sequences recognized by domain Iβ of MuA (7) (Fig. 2) , and because its chemical protection pattern is less extensive than the other recognition sites (28) . However, positions 11, 12 and 13 of L2 read "TCA" (Fig. 2) , which matches the consensus sequence through flexible alignment to positions 10, 11 and 12. Thus, it is possible that MuA obtains favorable binding energy through transient contacts with these three base-pairs.
Multiple roles of the recognition sites in transposition.
In the accompanying paper, we discussed two roles for the MuA recognition sites: positioning two MuA subunits close together, and allosterically activating transposase (9, 24) . Given the complexity in length and number of transposase recognition sites, it makes sense that they serve multiple functions during transposition. list a consensus sequence derived from the 6 natural MuA recognition sites and the 6 natural D108 sites (7, 22) . In this and all figures, black squares indicate base-pairs that match this consensus. The numbers on the right side of the table (second-to-last column) are the point scores for the recognition sites (positions 6-27), as described in the text. The numbers in the last row identify sites that were isolated multiple times. We know that multiple isolates represent multiple transposition events, as opposed to sibling pairs of an identical clone, because each transposition was into a unique target site. [fragment] = 50nM.
[MuA] = 50, 100, 150 nM. recognition sites (7, 22) . For this analysis, sequences 1, 5 and 17 were manipulated as in Fig. 6b . In addition, sequences that were isolated multiple times were counted that many times in the analysis (see Fig. 2 ).
by guest on November 19, 2017 a&b Describes spacing parameters. We defined the outer half site as the consensus YGTTTCAYT and the inner half site as RAARYRCGAAAC. The precise boundary between the two half-sites is not known; the two might even overlap slightly. c Mean point score for 18 sites listed in figure 2. d Mean point score for all 10,772 sites on both strands of φX174 e Standard deviation for the mean scores of randomly chosen groups of 18 sites, calculated as the standard deviation for the group of 10,772 individual sites, divided by ¥ f The number of standard deviations between the mean for the 18 pseudo-ends and the mean for the random population. (column 6 = (column 3+column 4/column 5)). L1 G to A down strong purine inteference 8 T favors T R1 G to A no effect 9 T no bias R1 C to A no effect 10 T strongly favors T ND 11 C strongly favors C L1 C to T down strong purine interference 12 A strongly favors A ND 13 Y favors Y R2 or L1 C to T no effect weak purine interference 14 T favors C or G R1 or R2 G to A no effect "C" is most favored here, yet no natural site has "C" 15 N no bias ND 16 R favors T or A bias against C L1 G to A no effect "R" in consensus perhaps reflects steric clash with "C" 17 A no bias ND protection but no intereference 18 A favors A ND protection but no intereference 19 R no bias L1 G to A no effect 20 Y favors Y R1 C to T no effect 21 R strongly favors A, then G R2 G to A no effect weak purine interference Of native sites, only L1 and L3 have A at this position. 
